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kV`b´2cVYJp s Yv	iQW]menv	`jgqÓer`bVdbYY	g
¡iQyughY s erkp
L1
s erkpCd Y7pqmVyq`jg s Y©dfe gqTV7inyh`jY s Y±©`bx<Y7yqke YXg4¯$`jiQkpmiQcVy4d 7´2cergq`bink s Y[|indjgqª7WenkVk¨§



































+RY«v	iQkpq` s Y7y[gqTVY-,encvTat½mVyhinVdbYXW ¡inyel a`bkVY	gh`bvYJ´Qceﬀgq`binkRWi s YXdbdj`bkV/.,eﬀg elWY7pqiQphv	iQmV`bvdbYXnY7d10
ghTVY s takerW`fv ine¼pqtop{ghYXW'irmeryqgq`fv	dbY7pcVk s Y7yqQin`bkV vXiQendjYJpqvXYXkvXY2.¡iQypugq`fv at30mVyhiov	Y7php7§ ¾ inyhY
myqYJv	`fpuY7djt ¢0s Y7phv	yh`jV`bkVEghTVY2enp irGmenyugh`bvXdjYJpatRgqTVY s YXkpq`jg{t
f(t, x,m, p) ≥ 0
inGmeryqgq`fv	dbY7p #`¥ghT
W¦eQpqp






x ∈ Ω ⊂ R3
¢
Yp{ghc s tgqTVYYXwa`fpugqYXkv	Yerk s dbinkV]gq`bWYY7TePa`jiQcVy4ir¬puiQdjcVgq`binkpghighTVYY7´2cergq`bink








:}YXyhY?erk s HYXdbiﬀ ¢ `jkiQy s YXy.gqi©puTViQyughYXkgqTY:kVingheﬀgh`jiQkp ¢ Y¬`jk2ghyqi s cvXY¬gqTY?W¦enphp{²ÅWinWYXk2gqcW ﬀeryh`benVdbY
y := (m, p) ∈ Y := R+×R





















a(y, y′) f(y) f(y′) dm′dp′.
.54n§ Z%0
S4TYWY7erk`jkVir0gqTVYJpuY gqY7yqW¦pG`fp#ghTVY¡iQdjdbiﬀ#`bkV§#±©YXkVingq`bkV«at














{y′}+ {y − y′}
a(y′,y−y′)
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vXiQendjYJpqvXYXkvXY}mVyhiov	Y7phpqY7p . s cVYghivXindbdj`fpq`jiQkp 0	§<S4TY s t2kerW`bv7p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a(y, y′) = aHS(y, y











ghTVYX`by}QYXdbiov	`jgq`bY7p7§4}irghYgqTeﬀgGghTV`bp© nY7yqk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ery s
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YXdbd0enp©gqTVY
vXink s YXk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Yδ,R := (δ, R)×BR




¡cd¥¤d¨gqTVYeniﬀQYeQpqpqcVWmogq`binkp ¢ eQp4`¥gG`fp#puTiﬀ#k`bkE~GmVmHYXk s `¥wl|©§
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f ≥ 0
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f ∈ C([0,+∞);L1(Ω× Y )), Q(f) ∈ L1(ΩT × Y )
ﬁﬀ !!
T > 0
41  	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ΩT := (0, T )× Ω






















mf(t, x, y) dydx
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f in ∈ Lp(Ω× Y )
ﬀ#ﬃ'	
p ∈ [1,∞]
   	
t 7−→ ‖f(t)‖Lp(Ω×Y )
1# '
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f in ⊂ VR = {(x, y) ∈ Ω× Y, |v| ≤ R}
ﬀ #  	
R > 0







f in m |v|2 ∈ L1(Ω× Y )
  ﬁ 1#
f in
 #4 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t 7−→ ‖f(t)m |v|2‖L1(Ω×Y )
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f = f(t,m, p)

































































Y7phv	yh`jmogh`jiQk¨§ + TVY7k gqTVY
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`bpugqyh`jcogq`bink¡cVkv°gh`jiQk
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§0S4TYGp{ghyqcv	gqcVyhYGenphpqcVWmogq`bink .54Q§ %0 erdbdjiﬀGp
cp#gqi¦myqiﬀQY[gqTerg ¢ ¡iQy©enk2tkVinkkVYX2eﬀgq`bnYenk s v	iQk2QY	w¡cVkv°gh`jiQk ¢ ghTVYeQpqpqiov	`feﬀghY sE­ yqdb`bvXªkVinyhW `bpGe



















¢ pughergq`binkenyqt«pqindbcogq`binkpgqi .54Q§"4 04enyqY



































u = u(t, x)
¢
`¥g}pheﬀgh`bpu¤Y7p
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=³k]ghTV`bp:puYJv°gq`binkY s YXyh`bnY#puiQWY.¡¡inyhW¦erd0 v	inkpuY7yqQY s ´2cenk2gq`jgq`bY7p?enk s kVinko²Å`bkv	yhY7eQpu`bkV}iQkVY7p:enp0YXdbd,§
¯$Y	gGcp#pughenyug##`jgqTgqTVY[¡iQdjdbiﬀ#`bkV]¡cVk s enW]Y7k2gherd.,erk s ¡iQyqW¦erd0C` s YXk2gq`jg{t@?0¡inyGerkat
φ : Y → R+
ghTVYXyhY[TVind s p ∫
Y







a(y, y′) f f ′ (φ′′ − φ− φ′) dy′dy.
.Ao§64' %0
S4T`bp[` s YXk2gh`¥g{tŁ`bp[iQoghen`jkVY s erägqY7yvTerkVQ`jkﬀeryh`ferVdbY7p[erk s enmVmVdbta`jkV .Ó#`¥ghTVincog#z{cp{gh`¥¤v7eﬀgh`jiQk 0©gqTVY
cVV`bkV`gqTVY7inyhYXW gqi
Q1(f)



















































































φ(y + y′) ≤ φ(y) + φ(y′)
¡iQyGerdbd

































































































v7erkEHY v	yhY7ergqY s `j¬gqTYXyhYeryhYkVinkVY
`bkV`jgq`ferdbdjtQ§ ~ Y7en nYXyQYXypu`bink irgqTV`fpÓeQv°g«`fpgqTVY½¡indbdjiﬀ#`bkV?l¡iQy«erkat kViQko²Å`jkvXyqYJenpq`jk ¡cVkv°gq`bink



































φ : R+ → R+
¢
Y[kVirgh`bvXY[gqTerg




















































































′) (m φ2(v) +m
′ φ2(v
′))
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|v − v′|2 f f ′ dy′dy .
.Ao§Î %0














































f f ′ dy′dy , Λ(A,B) :=
∫ B
A




















m′ (|v′| − w) = m (w − |v|)
ghTVYXkl`bWmVdjt







(λ′(w) − λ′(z)) dz = Λ(|v|, w) .
~}kVirghTVYXyGvXinkpqY7´2cVY7kv	Y[`fpgqTVY[¡iQdjdbiﬀ#`bkV§¬ViQyGerkat«v	iQkanY	w¡cVkv°gh`jiQk














(t, x) ∈ R+×R














































Φ : [0,+∞) → [0,+∞)








Φ(f(t, x, y)) dydx
`fp#e]kVinkV²A`bkv	yhY7eQpu`bkV¡cVkv	gq`binklirgq`bW]YQ§ ¾ iQyqYmVyhY7v	`fpqYXdbt ¢ YTePnYgqTVY[¡iQdjdbiﬀ#`bkVyhY7pqcVdjg
 C¶      
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a(y, y′) Ψ(f) f ′ 1(m,+∞)×R3(y
′) dy′dy ≥ 0 ,
ﬁ	
Ψ(u) := u Φ′(u)− Φ(u) ≥ 0
ﬁﬀ
u ≥ 0
 	ﬀ 	 	

	!6ﬃ1  1 	  #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#
f ∨ f ′ =
max {f, f ′}
	











































a f f ′ Φ′(f ′′) dy′dy =
∫
Y 2








a (f ∧ f ′) Φ(f ∨ f ′) dy′dy +
∫
Y 2
a (f ∧ f ′) Ψ(f ′′) dy′dy.
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+RY kiﬀ c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erk s pq` s Y in¬gqTVYerHiﬀnY`bkVY7´2cendj`jg{t
enk ss Y s cv	Y[gqTeﬀg
∫
Y 2
a f f ′ Φ′(f ′′) dy′dy ≤
∫
Y 2








a (f ∧ f ′) Φ(f ∨ f ′) dy′dy + 2
∫
Y 2

























a (f ∧ f ′) Φ(f ∨ f ′) dy′dy +
∫
Y 2
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Φ(f in(x, y)) + f in(x, y)
(
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r ∈ C((0,+∞))
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Φ(f(t, x, y)) + f(t, x, y)
(
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f ∈ C([0,+∞);L1(Ω× Y )) , f(0) = f in ,
#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r ∈ C1((0,+∞))















r(m) = +∞ ,
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C([0, T );w − L1(BR × Y )),
Qi(fnk ) ⇀ Qi(f)
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i ∈ {1, 2}
 1  












ψ ∈ D(Y )
  	ﬀ 	
D(Y )
9	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C∞





C([0, T );w−L1(Ω×Y ))
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(fn)
1# 1 	< !98'<ﬃ ;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L1((0, T )×
BR × Y )
	   	#	<	
<	
(Q1(fn))
1#1 	<'ﬁ!98    9
L1((0, T )× BR × YR)
 1  	ﬀ 	
YR
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eny s vXink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A = An(t, x, y, y









































































































y ∈ (δ, R)×B(−p′, R)
erk s
y′ ∈ (δ, R)×BcR1
¢ erk s
A = a (fn ∨ f
′
n) (fn ∧ f
′
n)
≤ a (fn ∨ f
′
n)M 1fn∧f ′n≤M +
M
Φ(M)
a (fn ∨ f
′
n) Φ(fn ∧ f
′
n)1fn∧f ′n≥M





a (fn ∨ f
′
























































a (fn ∨ f
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L1((0, T )×BR×Y )






























L1((0, T )×BR × YR)
at«ghTVY±}cko¡iny s ²Åx<YXgugh`bp4ghTVYXiQyqY7Wl§
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R, T > 0
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θ = θR,T ∈ C
1([0,+∞))










θ′(fn)Q2(fn) dydxdt ≤ C(δ, R, T )
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ﬁﬀ 8








































































χ ∈ D(R3 × Y )
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θ(fn) p · ∇xχ dydxdt +K1
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A = An(t, x, y, y
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y′ ∈ (δ, R1)×B
c
R2
¢ enk s gqTerg






























θ′(fn)Q2(fn) dy +M ωδ,R(R1)
∫
Y





































































































































L1((0, T )×BR × YR)
.ÓZ§ Za90
¡iQy














`bkaniQdjQY7p#´2ce s yhergq`fv}ghYXyhW¦p ¢
pqinWYpugqyhinkVv	iQW]menv°ghkVY7php4`fp4kVYXY s Y s erk s `fp4gqTY[pqcVoz{YJv°gGinghTVYkVY	wagGpqY7v°gh`jiQk¨§
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(gn)
1# 1 	<'ﬁ!98ﬃ<ﬃ ; 
L1((0, T )×BR × YR)
ﬁﬀ 	<;
R > 0
2(  	 
ﬁﬀ 8
ψ = ψ(y, y′) ∈ L∞(Y 2)
1   <  9 #(  ﬁﬀ(    	ﬀ 	  !  #
∫
Y
gn(t, x, y)ψ(y, y
′) dy

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L2((0, T ) × BR × YR)
§+ŁY
¤w




g˜n(t, x, v) :=
∫ ∞
0




















+ v · ∇xg˜n = G˜n
`bk









gn(t, x,m,mv)α(m) dmβ(v) dv
HYXdbinkQpgqi¦epugqyhinkVQdjt«vXinWmenv	gGpucVpuYXgGir
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enkVnY]irCPenyq`fer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(m, v) → (m, p = mv)
¢ ghTVYmVyhYXa`jiQcpp{ghYXm
enk s ghTVY v	inWmeQv°ghkVY7phpingqTYRpqcVmVmHinyqgin
α













§ +RY s Y s cv	Y
¡yhinWﬃgqTVYmVyhYXa`bincppugqY7mŁ#`jgqT
α(m) = mk χ(m)
erk s
β(v) = v` ζ(v)
ghTeﬀgﬃ.ÓZ§ ZQ90`fp[ﬀerdb` s ¡iny
ψ(y, y′) = mk−|`|−3 p` χ(m)ζ(p/m)
§¬S4TVYXyhY	¡iQyqY ¢ .ÓZ§ ZQ;0 TVind s p0¡iQy
ψ(y, y′) = ϕ(y)χ(m)ζ(p/m)
¡iQyGerkat
















0 ¢ YyhY7endj`bªXY©gqTeﬀg .¡Z§ Z290C`bp}env°ghcerdbdbtgqyhcVY¡iny
ψ(y, y′) = ϕ(y)χ(m)
¡inyGenkat





erk s«s Y s cvXYGghTeﬀg
.ÓZ§ ZQ90`fp4ﬀerdb` s ¡iQy
ψ(y, y′) = ϕ(y)
¡iQyGerkat
ϕ ∈ Cc(Y¯ )
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X1 = {(y, y
′) ∈ Y 2;m,m′ ∈ [δ, R], p′ ∈ BR1 , p ∈ BR(−p
′)}
¢
X2 = {(y, y
′) ∈ Y 2; y ∈
Yδ,R, m
′ ∈ [δ, R1], p
′ ∈ BR2}
§
+RY[¤yp{g}vXdben`jW ghTeﬀg ¢ ¡iny
i = 1, 2
¢
η ∈ (0, 1)
enk s
R0 > 0
¢ gqTVY7yqYTViQd s p
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S4TYXinyhYXW Z§"4Jerk s .¡Z§ Z  90`jWmVdbt«ghTeﬀg
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L∞(ΩT × Y )
at
N ‖ϕ‖L∞/η





























1 + η ρ











1 + η ρn







Qi(fn) dy dx dt
¡iQy}YJenvT


















































1 + η ρn
=
ηρn
1 + η ρn




























































′ dy dx dt = 0 .
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′ dy′ dy dx dt = 0 .

























i = 1, 2
§0iny






















enyqYn`bnY7kat .ÓZ§ Z4 04enk
s
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eryhY©Q`jQYXk2t .ÓZ§ Z4 0enk
s
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§ Zﬁ0C#`jgqT







Ini + Ii → 0
`jk














































































L1(BR × Y )
#(   ﬁ
fn(t) ∈ KR
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+RY#kViﬀ `bWmVyqiﬀQY?ghTVYGv	iQk2QYXyhnY7k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(fn)






{fn(t) , n ≥ 1}
Y7djiQkVQpCgqi¦eCYJer adbt«v	inWmeQv°g
pqcVpqY	g#in
L1(BR × Y )
¡iQyYJenvT
t ∈ [0, T ]






(fn(t+ h)− fn(t)) ψ dydx
∣∣∣∣ ≤ C(ψ) K0 h
¡iQy#YXQYXyht¦YXnY7yqt
ψ ∈ D(Ω× Y¯ )
¢
t ∈ [0, T )
enk s











(fn(t+ h)− fn(t)) ψ dydx
∣∣∣∣ = 0 .ÓZ§ﬀr%0
¡iQy:Y7nYXyht
ψ ∈ D(Ω× Y¯ )
erk
s




































































































































































































































K(f in) t ,
ghTerk apghi .,o§ 90°§
}iﬀ ¢ ¡iny
t ∈ [0, T ]
erk s
δ ∈ (0, 1)



















































































































































`bk ^aY7v	gq`bink o§ﬃ+RY¦gqTYXk vTViaiQpqY
































































f(t, x, y)mφR(m) ΨR(|v|) dydx.






















































































































′ dy′dydxdt = 0,
#TYXkvXY
aF F ′ = 0
eV§ Yn§¬ink
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|x| f in ∈ L1(Ω× Y )
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fε(0) = f
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X := {g ∈ L∞(Y ); (1 + |y|)5 g ∈ L∞(Y )} ,
#`jgqT












∀g ∈ X, ‖Qδ,λ(g)‖X ≤ C‖g‖X
. V§ﬀ %0
















B := ‖f in‖L∞(Ω;X)











d(g1, g2) := sup
t∈[0,T ]
‖(g1 − g2)(t)‖L1(Ω×Y ) , g1, g2 ∈ XT ,
enk s ghTVYW¦enm

























































k ∈ (0, 1)
pucvTghTeﬀg
g ∈ XT =⇒ Φ(g) ∈ XT
enk
s
d (Φ(g1),Φ(g2)) ≤ k d(g1, g2)
¡iny

















∂tfδ + v · ∇xfδ = Q˜δ(fδ)
`bk
(0, T )× Ω× Y,
. § n;0
fδ(0) = f







































‖fδ(t)‖L∞(Ω;X) ≤ exp(C(1 + t)) , t ≥ 0.
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f inδ ∈ X+
erk s CY s YXkirgqY[at
fδ
gqTVYv	iQyqyhY7pqmHink s `bkV]puiQdjcogh`jiQk¦gqi]ghTVY[W]i s `j¤Y s
vXiQendjYJpqvXYXkvXY©YJ´Qceﬀgq`bink . § nﬁ0 ¢ . V§ﬀ  90	§
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r ∈ C1((0,+∞))



















































(x, y) 7→ p/m
HYXdbinkQp$gqi



























f in(x, y) dydx < +∞ .
+RYkVYXw2g#kVingq`fv	Y[ghT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∈ L1(Ω× Y ;m f in(x, y)dxdy) .
x:cogugh`jkV




















































f inδ ≤ f
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C([0, T );w− L1(BR × Y )),
Q˜δk(fδk ) ⇀ Q(f)
`bk





§ +RYgqTVY7yqYX¡inyhY]vXinkvXdjc s YghTeﬀg
f
`bpe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g = g(t, x, r, v)
#TV`fvTlpuiQdjQY7pCgqTVYYJ´2ceﬀgh`jiQk ?
∂tg + v · ∇xg = Q(g)
`bk
















































m := r3, p := r3 v,
erk
s










=Åg#ghTVYXk¡iQdjdbiﬀGpC¡yqiQW .Ó~ § 470CgqTeﬀg
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g(t, x, r∗ v∗) dr∗, dv∗.
+RYvTenkVnYﬀeryh`benVdjYJp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a(m, p,m∗, p∗) f(t, x,m∗, p∗)dm∗dp∗
#`jgqT



































∗) g(t, x, r1, v1) g(t, x, r









a(m−m∗, p− p∗,m∗, p∗) f(t, x,m−m∗, p− p∗) f(t, x,m∗, p∗) dm∗ dp∗.
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0 ≤ α < 1/2





  º¨º  ¯$Y	gGcp#pughenyug##`jgqT .54Q§ %0°§?Si]gqTV`fp#YXk s£¢ Ykirgq`fv	YghTeﬀg ¢
|v − v′′| =
∣∣∣∣v (m+m′)m′′ − mv +m
′v′
m′′
∣∣∣∣ = m′m′′ |v − v′|,
enk s pu`bW`jdferyhdjt ¢
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α ∈ [0, 1]
ﬁ	
γ ∈ R
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(α + γ)/α ≤ 1
¢ gqTY[¡cVkv°gh`jiQk
u 7→ u(α+γ)/α
`bp}pucVe sVs `jgq`bnY ¢ ¡yqiQW#TV`fvTY s Y s cv	YghTeﬀg








= a(y, y′) .















































































∣∣∣∣ pm − p
′
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